Historic zinc smelting in Hezhang, southwestern China, has resulted in significant heavy metal 19 contamination to the surrounding ecosystems. The Caohai wetland system, an important national nature 20 reserve close to the Hezhang zinc smelting area, was investigated in the present study. Results showed 21 that sediments from the Caohai wetland system have been seriously contaminated by Cd, Pb and Zn 22 with the highest enrichment factors (EF) up to 91, 16 and 41, respectively. The heavy metals in the 23 sediments were mainly presented in the organic and residual fractions, both of which can be changed 24 into Fe-Mn oxide fraction in a more oxidized condition induced by the aquatic plants. Pb isotopic 25 compositions in the sediments indicated a ternary mixing model with ore Pb, gasoline Pb and geogenic 26
Introduction 35
Sediments are recognized as an important sink for heavy metals emitted from anthropogenic sources, 36 as well as a potential non-point pollution source which may directly affect overlying waters and the 37 aquatic organisms. It is well accepted that the total concentrations of heavy metals in sediments can not 38
provide sufficient information about their impacts to the ecosystem because the mobility, 39 bioavailability and toxicity of metals depends not only on their total concentrations but also on the 40 geochemical fractions in which they occur. Zinc smelting activities have caused many serious environmental problems in China in terms of 67 heavy metal pollution due to the fact that not only China is the largest zinc producer in the world, but 68 also to the fact that most zinc industry in China has used the old technique in smelting without the 69 necessary pollution control measures. However, this kind of pollution has not been well studied so far. 70
Hezhang, located in southwest China, is a typical region which had been seriously impacted by 71 historical zinc smelting activities (Feng et al., 2004 (Feng et al., , 2006 Bi et al., 2006a, b; Yang et al., 2006) . In this 72 study, the impact of the deposits from the Hezhang zinc smelting emissions on a natural freshwater 73 wetland (Caohai) was investigated. The objectives of the present research are (1) to evaluate the 74 metal enrichment characteristics in the wetland sediments; (2) to determine the geochemical 75 fractionations of heavy metals in the sediments using Tessier sequential extraction method for their 76 mobility and bioavailability; (3) to identify the potential origins of the sediment Pb by lead isotopes; 77 and (4) to delineate the extent to which these metals accumulate in the onsite vegetations.
Materials and methods 79

Study site 80
The concentrations in the upper layers (<20 cm), which was consistent with the intensified zinc smelting 145 activities in the Hezhang area since the last few decades. It was therefore reasonable to assume from 146 the metal concentrations and the spatial-temporal distribution patterns of heavy metals in the sediments 147 that the metal contamination was derived principally from past smelting operations in this area. 148
Metal fractionation in sediments 149
The sequential chemical fraction of Cd, Pb, Zn and Cu in the selected sediment (surface sediments 150
and Core 2 sediments) samples is depicted in Fig. 2 . In the surface sediments, Cd and Pb were mainly 151 present in the organic fraction (Cd, 31-84%; Pb, 34-82%), while the residual fraction was second 152 dominant (Cd, 4.0-55%; Pb, 14-39%). As for Zn and Cu, the residual fraction became more important 153 (Zn, 17-69%; Cu, 50-75%) than the organic fraction (Zn, 3.8-46%; Cu, 6.6-49%). In general, heavy 154 metals in the exchangeable, carbonate and Fe-Mn oxide fractions were less important for most samples 155 (generally less than 10%), except for two, i.e., Sample 1 and 3, which exhibited abnormally high 156 percentage of Fe-Mn oxide fraction for Cd (63-76%), Pb (42-47%) and Zn (62-63%). 157
The distribution of metal fractions in the sediment core (especially the upper layers) was similar to 158 those of the surface sediments with organic and residual fractions being dominant phases. But their 159 distribution trends varied with depth ( Fig. 2b) . In general, the percentage of Cd, Pb and Zn in the 160 organic fraction decreased and the residual fraction increased with depth. The metals in the sediment 161 core were also slightly associated with the Fe-Mn oxide fraction with a rapid increase in the lowermost 162
profile. This was probably due to a Fe-Mn oxide boundary existing in these layers. A slightly increase 163 of the exchangeable and carbonate fractions for Cd and Pb were also observed in the deeper sediments.background soil and the feeding ore samples are given in Table 2 Pb ratios (at least should be lower than those of 178 the sediments) must be involved. It is reasonable to assume that the coal combustion and gasoline Pb 179 might be the possible important sources of Pb due to the lack of other large anthropogenic emissions in 180 the study area. 181
Metals in plants 182
Cd, Pb, Zn and Cu concentrations in the aquatic plants (aboveground tissues) collected from the 183
Caohai wetland are shown in Table 3 . The data show that the metal concentrations in the plants varied 184 among species, indicating their different capacities for metal uptake. Generally, the submerged species 
Enrichment factors in sediments 193
In this study, enrichment factor (EF) was used to assess the anthropogenic contribution of metals in 194 the sediments. For a given sediment, the metal concentration was normalized to that of Al However, in some cases, i.e., the surface sample 1 and 3, the Fe-Mn oxide fraction of Cd, Pb and Zn 240 was dominant instead of the organic fraction (Fig. 2a) . This was not due to the relatively low OM 241 concentration of these two samples (Table 1) , but a reflection of the influences of the aquatic plants. 242 The fact is that the sites from which the samples were collected have much more biomass of the 243 macrophytes than other sites. Many studies reported that living plants can induce sediment oxidation 244 The oxidized conditions induced by plants can simultaneously lead to a decay of the organic matterresult/reflection of the influences of the plants. 252 It is clear that the increased metals in the Fe-Mn oxide fraction must be derived from the 253 transformation from other fractions, such as the organic and residual fractions. By comparing the 254 difference of metal fractionations between sample1, 3 and others (especially sample 2 and 4) (Fig. 2a),  255 it was reasonable to assume that the increase of the Fe-Mn oxide fraction for Cd and Zn in the 256 sediments was attributed to both the organic and residual fraction conversion, while for Pb the increase 257 was principally derived from the organic fraction change. 258
In comparison with other metals, the Cu, representing a less impacted element in the sediments, had 259 the chemical fractions seemed to be independent to the substrata conditions such as the redox potential. 260
The sediments from the deeper layers of the core seemed to be less impacted by human activities and 261 their metals derived mainly from the geogenic sources. The increasing trend of the residual fraction of 262
Cd, Pb and Zn with depth in the sediment core thus indicated that the geogenic originated metals tend 263 to be associated with the residual fraction, i.e., were retained in the crystal lattice of minerals. In 264 contrast, anthropogenic inputted metals prefer to bind to the non-residual fractions, especially the 265 organic fraction, in the Caohai sediments, posing a potential hazard on the ecosystem. 266
Source attribution of Pb in sediments 267
The Pb isotopic compositions indicated that the Pb burden in the sediments were a mixing of 268 geogenic Pb and a variety of anthropogenic sources, including the ore Pb and other sources with low 269 anthropogenic emissions were present in the study region. Although no isotopic data are available forcoal in southwestern China, the values from the aerosol can be used because aerosol Pb in southwestern 274
China was derived principally from the coal combustion (Mukai et al., 1993, 2001) Fig. 3 . It is clear to note that all the data from the Caohai sediments 281 fall within a triangle region with ore, gasoline and background soil as the three end members. This 282 suggests that Pb in the Caohai sediments derived mainly from these three sources: the geogenic Pb, the 283 gasoline Pb, and of course, the ore Pb from the smelting operations. In contrast, as shown in this Figure,  284 the coal Pb may not be regarded as a possible end member due to its similar or even higher isotope 285 ratios compared to those of the sediments. 286
If the Pb in the Caohai sediments was from just these three sources, it is possible to calculate the 287 relative amounts of the three sources according to a ternary mixing model: 288 2) 289 where X and Y are the proportion of ore Pb and gasoline Pb in the sediments and R sample , R ore , R gasoline 290 and R geogenic are the isotope ratios ( Pb ratios for background 292 soils, ore and gasoline are the average of the measured or reported ratios for these groups of samples. 293
Using the above equation, it was estimated that on the average 60% (47-68%) and 26% (15-37%) of theinventory of Pb in the Caohai sediments originated from the ores used in the smelting and from the 295 gasoline, respectively. The remaining 14% (5-38%) derived from the geogenic Pb. 296
Metal accumulations in plants 297
Plant species differ widely in their ability to accumulate heavy metals. Our study showed that the 298 emergent plants accumulated lower amounts of metals than submerged and floating aquatic vegetation. 299 This is consistent with previous observations (Albers and Camardese, 1993; Yurukova and Kochev, 300 1994; Rai et al., 1995) . In order to determine whether significant bioaccumulation occurred in the 301
Caohai vegetations, it is necessary to compare our data with those of previous studies. However, the much lower metal concentrations found in the plants compared to those in thesediments suggested the limited bioavailability of the metals in the sediments, which corresponds to the 317 metal chemical fractionation results in sediments. Nevertheless, the elevated metals accumulated in the 318 aquatic plants, especially Cd and Pb in C. demersum, Azolla imbricate and Spirogyra communis, would 319 be a potential threat to a number of higher trophic-level organisms, especially the migratory birds, once 320 they enter their food chain. In addition, the local people often take some of the aquatic plants, such as C. 321 demersum, P. malainus. and Azolla imbricata, as the food for poultry and livestock, by which the 322 metals accumulated in these plants could probably enter human body through food chain. 323
Conclusions 324
The present field investigation shows that Chaohai wetland has been seriously contaminated by Cd, 325
Pb and Zn due to the historic zinc smelting activities in the Hezhang area. Contaminated metals in the 326 wetland sediments were mainly presented in the organic and residual fractions. However, these 327 fractions of metals were quite unstable and might be changed into other chemical forms, such as the 328 
